SUMMARY
SUMMARY
The effects of the butyrophenone, azaperone 5 mg kg' 1 Butyrophenone compounds are used both in human (droperidol) and animal (azaperone) practice. Azaperone (4'-fluoro-4(2-pyridyl-l-piperazinyl)-butyrophenone) is used widely in pigs as a sedative when physical restraint or diagnostic procedures are required [1^4] . In addition, this drug is used frequently in combination with the veterinary analogue of etomidate, the imidazole derivative metomidate (methyl-1 -(amethylbenzyl)imidazol-5-carboxyl-hydrochloride), to provide anaesthesia for shortterm surgical procedures in pigs [5] . In recent years several investigators have used this combination for both induction and maintenance of anaesthesia (with or without the addition of nitrous oxide) for physiological studies [6] [7] [8] .
i.m. alone and after addition of the imidazole derivative metomidate 6 mg kg-'i.v. were studied in eight conscious pigs. Fifteen minutes after administration of azaperone, systemic arterial pressure was reduced by 35% as a result of a '45% increase in systemic vascular conductance and 10% decrease in cardiac output (&). After azaperone, 23% of the radioactive labelled microspheres (15 fSD 1) \irr)) injected into the left atrium were detected in the lungs as a result of opening of arteriovenous anastomoses (baseline 3%
Although it has been demonstrated that the combination reduces systemic arterial pressure and cardiac output (Q) [5, 9] detailed knowledge of regional cardiovascular responses is lacking. In the present study we investigated changes in central haemodynamics and regional blood flow (measured with radioactive microspheres) occurring in conscious pigs after sedation with azaperone and additional administration of metomidate. It is known that, in anaesthetized, but not conscious, animals a large fraction of the microspheres is trapped in the lungs because of shunting by arteriovenous anastomoses [7, [10] [11] [12] [13] . We therefore paid special attention to the occurrence of this phenomenon.
MATERIALS AND METHODS
After an overnight fast, cross-bred Landrace x Yorkshire pigs (20-25 kg, n = 8) pretreated with a mixture of procaine penicillin-G 300000 u. i.m. and benzathine-penicillin-G 300000 u. i.m. (Duplocillin, Gist-Brocades N.V., Delft, The Netherlands) were anaesthetized with ketamine 30 mg kg" 1 i.m. (Aescoket, Aesculaap B.V., Boxtel, The Netherlands) [3] . The trachea was intubated and the lungs ventilated with a mixture of 66 % nitrous oxide and 1 % halothane in oxygen. A jugular vein and common carotid artery were cannulated for administration of drugs and measurement of systemic arterial pressure, acid-base state and blood-gas tensions (ABL-3 and OSM 2 , Radiometer, Copenhagen, Denmark).
The chest was opened through the left fifth intercostal space to expose the heart. The left atrium was cannulated for injection of radioactive microspheres (15 (SD 1) |im diameter), labelled with cerium-141, ruthenium-103 or niobium-95 (NEN Chemicals GmbH, Dreieich, West Germany) and suspended in saline containing one drop of Tween 80. Via the third intercostal space, an electromagnetic flowprobe (Skalar, Delft, The Netherlands) was positioned around the ascending aorta. Q was calculated by adding myocardial blood flow (determined with radioactive microspheres) to the electromagnetic flow readings. Catheters and wires were tunnelled subcutaneously to the back, the chest was closed and the animals allowed to recover. After operation, the animals received bolus injections of amoxicillin 500 mg i.v. daily (Clamoxil, Beecham Farma B.V., Amstelveen, The Netherlands) and, during the first week, kanamycin 500 mg (Kamynex, Gist-Brocades N.V., Delft, The Netherlands) to prevent infection. The catheters were flushed daily with an isotonic saline solution containing heparin 500 iu ml" 1 . After 1 week of post-surgical recovery, at least eight to 10 sessions were held to adapt the animals to the laboratory facilities and experimental conditions; when animals are adapted to experimental conditions, systemic haemodynamic parameters and regional blood flows change less than 5 % over 1 h [14, and unpublished data from our laboratory]. The experimental study was performed 3-A weeks after instrumentation. Antibiotics were withheld at least 24 h before the experiment. Neuromuscular blocking agents were not administered.
Experimental procedure
After baseline systemic haemodynamic and arterial blood-gas data had been recorded, 1-2 x 10 8 microspheres were injected i.v. while an arterial reference sample was withdrawn (10 ml min" 1 ) for calibration of regional blood flow measurements [10] -Subsequently, the animals received azaperone 5 mg kg" 1 i.m. and 15 min later, after all measurements had been repeated, metomidate 6 mg kg" 1 i.v. was administered. Immediately thereafter, the trachea was intubated and the lungs ventilated with 66% nitrogen in oxygen to maintain arterial blood-gas values at baseline. The last set of values was obtained 10 min after i.v. injection of metomidate, while the animals were in a stable haemodynamic condition.
At the end of each experiment the animal was killed with an overdose of pentobarbitone sodium. Tissue was dissected, weighed and placed in vials. The brain was divided into left and right cerebral hemispheres, diencephalon, brain stem and cerebellum. The heart was stored in 10% formaldehyde for 48 h and subsequently the left ventricle was dissected into three layers of equal thickness. The radioactivity in the vials was counted for 10 min in a gamma-scintillation counter (Packard Minaxi Autogamma 5000) with a multichannel pulse height analyser using suitable windows for discrimination of the different isotopes. The amount of blood distributed to the various tissues (Qtis) was calculated as:
Where /tis and /art are, respectively, the radioactivity (c.p.m.) in a particular tissue and that of the arterial blood sample, while Qart is the rate of withdrawal of the blood sample. Vascular conductances were calculated by dividing blood flow by mean arterial pressure.
Statistical analysis and data presentation
Statistical analysis was performed using the Duncan New Multiple Range test after parametric two-way analysis had revealed that the samples represented different populations. Statistical significance was accepted at P < 0.05. All values are presented as mean (SEM) .
RESULTS

Arterial acid-base and blood-gas state
Arterial blood-gas values did not change from respective baseline values (pH 7.46 (0.03); iX;o, 4.9(0.1)kPa; Pa Oj 10.1(0.5) kPa; oxygen saturation 95 (1) %;' haemoglobin 5.0 (0.2) mmol litre" 1 ), either during spontaneous ventilation after azaperone or during controlled mechanical ventilation after metomidate.
Systemic haemodynamics
Administration of azaperone decreased Q by 10% and mean arterial pressure (MAP) by 35% ( fig. 1 ). Because the decrease in MAP considerably exceeded the decrease in Q, calculated systemic vascular conductance increased by 45%. The decrease in Q was secondary to a reduction in stroke volume by 13% as heart rate remained unaffected. After the i.v. administration of metomidate, Q was maintained, as the increase in stroke volume of 30 % counterbalanced the druginduced bradycardia. In view of the slight increase in anerial pressure and unchanged cardiac output, systemic vascular conductance was attenuated.
Distribution of cardiac output to arteriovenous anastomotic and nutritional channels
During baseline conditions only 3% of the microspheres were trapped by the lungs (mainly bronchial arterial blood flow [15] ). After administration of azaperone, blood flow was redistributed in favour of arteriovenous anastomoses, as 23 % of the microspheres were trapped in the lungs, while the nutritional capillary blood flow decreased in parallel with arterial pressure (fig. 2 ). Consequently the vascular conductance of the nutritional vasculature was not affected. After administration of metomidate there were no significant changes in nutritional and arteriovenous blood flows. Arteriovenous conductance was not affected, but nutritional vascular conductance decreased and was responsible, therefore, for the attenuation of systemic vascular conductance.
Distribution of nutritional blood flow
Azaperone decreased left ventricular myocardial blood flow ( fig. 3) , which was distributed 
v. on transmural left ventricular blood flow (LVBF), left ventricular oxygen demand estimated by the rate-pressure product (RPP) and left ventricular vascular conductance (LVVC) (mean (SEM)).
*P < 0.05 vs baseline; -fP < 0.05 vs azaperone.
homogeneously over the myocardial layers, as the endocardial: epicardial ratio did not change from its baseline value (1.39 (0.05); not shown). A 27 % decrease in transmural blood flow accompanied a 22% decrease in oxygen demand (estimated by the rate-pressure product). As the decrease in left ventricular blood flow was of a magnitude similar to the decrease in mean arterial pressure, there was no change in left ventricular vascular conductance. Addition of metomidate decreased further left ventricular blood flow but, as the oxygen demand changed similarly, there was no detrimental effect on myocardial oxygen supply: demand ratio. Whereas there was no change in left ventricular conductance with azaperone, there was a marked decrease in conductance after metomidate was added.
In the conscious animals, the brain stem received 30-35% less blood than other parts of the brain (table I) . Azaperone caused marked vasodilatation, as blood flows to all cerebral regions were maintained despite the 35 % decrease in arterial pressure. However, after addition of metomidate, blood flows to all parts were reduced by 40-55 %, despite the slight increase in arterial pressure. From the changes in arterial pressure and flow it follows that the conductance of all regions of the brain decreased to 60-80% of baseline values.
Following azaperone, blood flow to some organs was maintained (liver, spleen, right ventricle and skeletal muscle) or even increased (adrenals). Blood flow to the kidneys, stomach, small intestine and skin were reduced (table II) . Vascular conductance was diminished in the skin, did not change in kidneys and skeletal muscle, stomach and small intestine, and increased in liver, spleen and adrenals. The addition of metomidate had no effect on blood flow to some organs (liver, spleen, small intestine, stomach and kidneys), but largely abolished the azaperone-induced increase in blood flow to the adrenals, while it reduced flow to the 19 (4) 160 (10) 366 (36) 127 (5) 42 (11) 50 (6) 88 (5) 13.6(4.7) 6.8(1.0)
22 (5) 185 (14) 424 (48) 146 (9) 51 (14) 59 (8) 102 (9) right ventricle, skeletal muscle and skin. Consequently, metomidate abolished (adrenals) or attenuated (liver, spleen, right ventricle) the azaperone-induced vasodilatation in some organs, while in others the reduction in vascular conductance was enhanced (skin) or became apparent (stomach, skeletal muscle).
DISCUSSION
Azaperone
Azaperone-induced hypotension has been reported by others [4, 5, 16] . Lees and Serrano [16] also found that this was caused by systemic vasodilatation rather than a decrease in Q. Although Q was affected only minimally, there was profound redistribution of blood flow, implying an opening of arteriovenous anastomoses [7, [10] [11] [12] [13] . In the pig, these anastomoses are abundantly present in the skin [7] and play a major role in the regulation of body temperature. The opening of these anastomoses by azaperone may, therefore, explain the decrease in body temperature described by others [1, 2] . The increase in conductance of the arteriovenous anastomoses was responsible also for the increase in systemic vascular conductance, as the changes in conductance of the nutritional vessels counterbalanced each other. These results suggest that the mechanism responsible for opening of the arteriovenous anastomoses is the same as the mechanism for the hypotensive action. However, both the mechanisms for opening of the arteriovenous anastomoses in general and that by which azaperone decreases arterial pressure are largely unknown. It has been suggested that azaperone possesses a-adrenoceptor antagonistic activities [17] [18] [19] . As the physiological regulation of arteriovenous anastomotic blood flow is mediated in part by the sympathetic nervous system [20] , it may be amenable to a-adrenoceptor antagonism. However, other mechanisms such as active neurogenic vasodilatation, for which no neurotransmitter has yet been identified [18] , may be involved in the control of arteriovenous anastomotic blood flow. Also, as with noradrenaline, the arteriovenous anastomoses are constricted by 5-hydroxytryptamine [21] . In addition, butyrophenones possess antidopaminergic properties and dopamine is believed to play a role in central regulation of body temperature [22] , so that the opening of arteriovenous anastomoses by azaperone could conceivably be caused by a mechanism not related to a-adrenoceptor antagonism. The clinical analogue of azaperone, the butyrophenone droperidol, induces hypotension in man by systemic vasodilatation, which is probably secondary to the combination of central nervous effects and block of vascular a-adrenoceptors [23] . The opening of arteriovenous anastomoses could also be involved, but this may be difficult to assess in man.
Left ventricular blood flow decreased in accord with the reduction in myocardial oxygen demand. As the reduced arterial pressure was responsible for the reduced oxygen demand, left ventricular blood flow was reduced without affecting coronary vascular conductance. On the other hand, cerebral flow was well maintained in spite of the hypotensive action of azaperone. Consequently, there was a marked increase in the vascular conductance of all regions of the brain. From the present studies, it cannot be concluded whether cerebral vasodilatation was caused by a metabolic regulation or by a direct action of the drug.
Azaperone and metomidate
In the present study, the addition of metomidate attenuated the azaperone-induced decrease in arterial pressure, by decreasing the systemic vascular conductance. From figure 2 it is clear that the decrease in vascular conductance was restricted to the nutritional channels, as conductance of the arteriovenous anastomoses remained unchanged. The decreases in vascular conductance were most noticeable in the brain, left ventricle and skeletal muscle. In the brain this was probably secondary to a decrease in cerebral metabolism similar to that shown for its clinical analogue etomidate [24, 25] . From the present study we cannot conclude if cerebral metabolism decreased. In order to measure oxygen consumption, knowledge of the oxygen content of cerebral venous blood is necessary, but this cannot be readily obtained. Sampling from the internal jugular vein does not provide reliable information because in pigs it does not selectively drain blood from the cerebral circulation [26] .
The addition of metomidate caused further reduction in left ventricular oxygen demand. In contrast with azaperone, this occurred by decrease in heart rate rather than decrease in arterial pressure. The reduced metabolic needs were accompanied by vasoconstriction, as arterial perfusion pressure was not significantly affected. These results are in agreement with those reported for etomidate in animals [24] and in man [25, 27] .
Lees and Serrano [16] have shown that the actions of azaperone in ponies persist for at least 40-60 min. Our observations with metomidate were made within 30 min of administration of azaperone. Nevertheless, it could be argued that, because of differences in kinetics, our observations in pigs could be explained by washout of azaperone. However, the nature of the changes does not support such a hypothesis.
Clinical implications
Azaperone is used widely in veterinary practice, alone or in combination with metomidate. It has been claimed to have minor effects on cardiovascular function, despite reports of its hypotensive action [2, 3] . In view of our findings, such a claim is not warranted. Furthermore, although cardiac output was well maintained, large changes occurred in distribution. Opening of arteriovenous anastomoses shown in the present study and the earlier reports on severe hypothermia [1] , suggest that the drug interferes with thermoregulation and that care must be taken to maintain body temperature, both in veterinary practice and in physiological preparations. To our knowledge, no reports on effects of droperidol on body temperature of man are available.
Azaperone and metomidate are not used in human practice, but their clinical analogues, droperidol and etomidate, respectively, have been shown to exert similar central haemodynamic actions [28] . This may also be true for regional blood flow.
